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AaSTgACT  Predictions  of different  classes  of gating  models  involving identical 
conformational  changes  in  each  of four  subunits  were  compared  to  the  gating 
behavior of Shaker potassium channels without N-type inactivation. Each model was 
tested  to see if it could simulate  the voltage dependence of the steady state open 
probability,  and  the  kinetics  of the  single-channel  currents,  macroscopic  ionic 
currents  and macroscopic gating currents using a  single set of parameters.  Activa- 
tion schemes based upon four identical single-step activation processes were found 
to  be  incompatible  with  the  experimental  results,  as  were  those  involving  a 
concerted, opening transition. A model where the opening of the channel requires 
two conformational changes in each of the four subunits can adequately account for 
the steady state  and kinetic behavior of the channel.  In this model,  the gating in 
each subunit is independent except for a stabilization of the open state when all four 
subunits are activated, and an unstable closed conformation that the channel enters 
after opening. A small amount of negative cooperativity between the subunits must 
be added to account quantitatively for the dependence of the activation time course 
on holding voltage. 
INTRODUCTION 
In  the  preceding  two  papers  (Hoshi,  Zagotta,  and  Aldrich,  1994;  Zagotta,  Hoshi, 
Dittman, and Aldrich,  1994) we have identified a number of general properties of the 
activation  gating  mechanism  in  Shaker  potassium  channels.  These  include  the 
following:  (a) The activation  conformational changes  are  associated with  the  move- 
ment  of charge  equivalent  to  12  to  16  electronic  charges  through  the  membrane 
electric field. (b) Opening of the channel from hyperpolarized voltages requires more 
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than five sequential conformational changes. (c) The total charge movement is spread 
out  among many or  all  of these  conformational changes  and  resides  more  in  the 
reverse transitions  than in  the forward transitions.  (d)  Once open, the channel can 
enter closed states that are not directly in the activation pathway. (e) The first closing 
transition  is  slower than expected for a  model involving a  number of independent 
and identical transitions. 
In  this  paper  we  extend  our  analysis  of the  kinetics  of ShBA6-46  channels  to 
consider  a  number  of  specific  kinetic  schemes  to  account  for  the  phenomena 
discussed in the previous two papers (Hoshi et al.,  1994;  Zagotta et al.,  1994). The 
development of a  quantitative model to describe the activation gating mechanism is 
important for several reasons. It provides a quantitative test of whether the proposed 
mechanism  can  simultaneously  account  for all  of the  observations.  In  addition,  a 
model  provides  a  framework  for  the  interpretation  of  the  results  of  structural 
alterations that alter the channel's gating behavior. This framework provides insights 
into the molecular mechanisms of the conformational changes involved in gating. 
Because it is likely that Shaker channels exist as homotetramers in Xenopus oocytes 
(MacKinnon,  1991),  we have restricted  our analysis to kinetic  schemes that can be 
interpreted in terms of four identical subunits. This restriction on the types of models 
considered  was  important  for  several  reasons.  It  greatly  reduced  the  number  of 
potential kinetic schemes to a more manageable number. Furthermore, it makes use 
of the knowledge of the subunit  composition that provides valuable clues about the 
physical mechanism underlying the kinetic behavior. If a model is developed with the 
subunit composition in mind, its kinetic transitions are also more easily interpreted in 
terms of physical conformational changes  in  the  channel  protein.  In addition,  the 
model can provide a possible physical explanation for the effects of mutations in the 
protein structure on the kinetic behavior. 
The models considered in this paper all contain identical conformadonal changes, 
or  sets  of conformational  changes,  occurring  in  each  of four  subunits.  Identical 
conformational changes,  in  this  context,  means  that  the  same  physical rearrange- 
ments  are  occurring within  each  subunit,  so  the  charge  movement and  associated 
voltage  dependence  of  the  transitions  are  identical.  It  does  not  mean  that  the 
transitions  are independent,  or that they are occurring with  the  same rate.  Models 
are considered with nonindependent  transitions between subunits,  such as coopera- 
tive  transitions,  concerted  conformational changes,  and  slowed  first closing  transi- 
tions.  The  conformational  states  and  conformational  transitions  are  modeled  as 
time-homogeneous Markov processes with rate constants for the voltage-dependent 
transitions  that  are  exponentially  dependent  on  voltage.  These  commonly  used 
assumptions  are  reasonable  for  the  modeling  of gating  conformational  changes 
(McManus and Magleby,  1989;  McManus,  Spivak, Blatz, Weiss, and Magleby,  1989; 
Stevens,  1978). 
MATERIALS  AND  METHODS 
Experiments, data analysis and simulation  were carried out as described in the two proceeding 
papers (Hoshi et al.,  1994; Zagotta et al., 1994). The values of the parameters in the models in 
Fig. 7 and  17 were first estimated from the chi-squared fits to the data presented in the two 
preceding papers and this paper. These values were then adjusted to optimize the overall fits. ZAGOTrA ET AL.  Shaker Potassium Channel  Gating IH  323 
RESULTS 
Several classes of kinetic models are shown in Fig.  1. In each case where it is practical, 
the model is shown in an extended format showing all of the kinetic states and in an 
abbreviated  format that emphasizes  the conformational transitions  occurring within 
each  subunit.  These  models  show only the  transitions  in the  activation  pathway.  In 
general,  the channel may also undergo transitions  to other states not directly in the 
activation  pathway,  as discussed  in the  first  paper  (Hoshi  et al.,  1994).  For class A 
Abbreviated  Complete 
R-  "A] 
R  -  A  O  C;-  ~  C 2  -  "  C 3  --  "  C 4  -  ~  O  Class A  g  -  -  A 
R  -  AJ 
Class B 
R  -  ~  A]  C1-  ~  C2-  ~  C3-  ~  C4  -  ~  C5 
R  -  "  A  J  -0  I~ 
R  -  ~  A  O 
Class C 
C 1 ~  C 2  ~  C 3  ~  C 4  ~  C 5 
1'  I 
O]  ~  02  ~  03  ~  04  ~  05 
Class D 
C  l ~  C  2 -  ~  C  3 - 
II  II 
R]-  "  R2-  "  A I  q-  "  c7- 
R;-  "  R 2  -  A 6 
R1-  'b  R2-  "  A  |  1~ 
R 1 ~  R 2  -  A  J  Clo- 
"C4-  "  C5 
1l  1l 
•  .  Cs -------~ C9 
$  11 
all  ~  ~  C12 
C13.  -------~ C14 
O 
Class E 
/~1\  /R,\  /R,\  /R,\ 
R2  R3  R2  R3  R2  R3  R2  R3 
NA/  NA/  NA/  NA/ 
t  .O  i 
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models, the opening of the channel requires only a single conformational change in 
each subunit.  This class  is  typified by the  scheme of Hodgkin and  Huxley (1952) 
involving four independent and identical transitions to explain the activation gating 
of a  voltage-dependent potassium channel from squid axons.  In general,  however, 
the  transitions  would  not  have  to  be  independent  (Armstrong,  1981;  Gilly  and 
Armstrong, 1982;  Hill and Chen, 1971a, b; Vandenberg and Bezanilla, 1991).  Class B 
postulates that, after undergoing a single conformation change in each subunit, the 
channel must undergo a final, concerted conformational change to open. The voltage 
dependence and kinetics of the concerted conformational change would, in general, 
be different from that of the conformational change in each subunit. This model is 
typified by  the  schemes  proposed  for  activation  of voltage-dependent  potassium 
channels by Zagotta and Aldrich (1990b)  and Koren, Liman, Logothetis, Nadal, and 
Hess  (1990).  Class C  represents  a  more general version of class  B.  In this class  of 
models the concerted opening conformational change does not absolutely require the 
conformational changes in each subunit, but is simply promoted by them. This model 
is reminiscent of the mechanism of allosteric interactions in hemoglobin proposed by 
Monod, Wyman, and Changeux (1965) and has also been suggested as a model for 
activation of voltage-dependent calcium and potassium channels (Greene and Jones, 
1993;  Marks and Jones,  1992).  Class D postulates that the opening of the channel 
requires  not one, but two conformational changes within each  subunit. These  two 
different conformational changes are absolutely coupled, so that the second transi- 
tion in each subunit cannot occur until the first one has occurred.  Finally, class  E 
represents  a  more  general  version  of class  D.  In  this  class  of models  the  two 
conformational changes  occurring within  each  subunit  are  considered  to be  only 
partially coupled. This allows for the channel to undergo the second conformational 
change before the first. However,  similar to class C  models, the second conforma- 
tional change might be promoted by the first. 
This list of potential models in no way exhausts the possible gating schemes for 
activation. We have chosen to analyze these models because they provide reasonable 
hypotheses for the gating mechanism and because many of them have been proposed 
previously for other ion channels and allosteric enzymes. Their predictions will be 
compared with the data, with a particular emphasis on those predictions that differ 
among the  models. Then,  a  model will be  presented  that can account for a  large 
number of the phenomena described in the previous two papers (Hoshi et al.,  1994; 
Zagotta et al.,  1994). 
Steady State Po Versu~ Voltage Relations 
The voltage dependence of the steady state P0 was calculated from the models as the 
equilibrium  probability  of being  in  the  open  state  as  a  function  of voltage.  As 
indicated  below,  this  solution  may  be  different  from  what  is  actually  measured 
experimentally. These  equilibrium solutions depend  only on the equilibrium con- 
stants for the transitions and not on the absolute magnitude of the rate constants. For 
any sequential model containing N  sequentially numbered states, with states num- 
bered  1 to n- 1 closed and from n to N open, the equilibrium probability of being in ZAGO'ITA ET AL.  Shaker Potassium Channel Gating III  325 
the open state is given by the following equation: 
: 'fl 
where Kj indicates the equilibrium constant between states j-1 and j, and K1 =  1. This 
equation can be generalized to nonsequential models if the term II}= l Kj is defined as 
the product of the equilibrium constants for any pathway from state 1 to state j. Note 
that for a  two state scheme where the equilibrium constant is exponentially depen- 
dent on voltage, Eq.  1 reduces to the following: 
K  1  1 
Po(V)-  1 + K-  1 +  K  -1  -  1 + Ko 1 e -zpV/nr  (2) 
where K0 is the value of the equilibrium constant at 0 mV, z is the equivalent charge 
movement for the transition, F is Faraday's constant, R  is the universal gas constant, 
and T is the absolute temperature. Eq. 2  is simply a  Boltzmann distribution with a 
midpoint at Vl/2  =  -RT/zF  In(K0). 
A class A model with four independent and identical transitions can be summarized 
as follows: 
4K  3/2K  2AK  ¼K 
C I  t  )  C 2  <  )  C 3  ~  > C 4  ~  ~ 0 
SCHEME I 
where C1  to C4 represent closed conformations after 0  to 3 independent transitions 
respectively, O represents an open conformation, and K represents the equilibrium 
constant for each independent transition. If K is exponentially dependent on voltage, 
the equilibrium P0 for Scheme I is given by a power of a  Boltzmann distribution: 
(  1  )~ 
Po(V)  =  1  + K~-~e -z~mr  (3) 
where n is the number of independent and identical transitions. 
In general, models with many states, like those in Fig.  1, exhibit a more complex 
equilibrium  voltage  dependence  than  a  Boltzmann  distribution  or  power  of  a 
Boltzmann distribution.  However, many of these more complex voltage-dependen- 
cies can be well approximated by a power of a Boltzmann distribution. Fig. 2 A shows 
the P0 predictions of class  B  models with four independent and  identical voltage- 
dependent transitions and a final, concerted voltage-independent transition, similar 
to the models of Zagotta and Aldrich (1990b) and Koren et al. (1990). This model can 
be summarized as follows: 
4K  3/'aK  Z~K  V4K  L 
C 1  ~  > C 2  ~  > C 3  ~  )  C 4  •  )  C 5  ~  > 0 
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where L  represents the equilibrium constant for the concerted voltage-independent 
transition and the other symbols were defined previously. The equilibrium constant 
of the final transition, L, was varied between 0.1 and 1,000, and the maximum P0 was 
normalized to  1.  As  L  was  increased,  the  voltage  dependence  of the  P0  became 
steeper.  However,  as  expected,  the  rate  of the  exponential rise  at  very  low  P0  is 
unaffected  by  varying  the  equilibrium constant  of  the  final  voltage-independent 
transition. As pointed out by Almers (1978)  (see also Andersen and Koeppe,  1992) 
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FIGURE 2.  (A) Voltage dependence of the normalized steady state probability of the channel 
being open in Scheme II, a class B model with four independent and identical transitions and a 
final concerted transition. The open probability was calculated as described in the text with K = 
Ko e (sSv/~551 where V is the membrane voltage in mV, using L =  1,000,  100, l 0, 1, and 0.1 (from 
left to right). The resulting curves were scaled to 1. For the L =  0.1  trace,  K0 =  1,700. For all 
the traces where L >  0.1,  the equilibrium constants at 0 mV (K0) were adjusted so that the 
limiting probabilities at low Po were the same as those for L =  0.1.  Powers of Boltzmann fits 
(see Eq. 3) are also shown superimposed as dashed lines. The total charge movement for the 
Bohzmann curves was held constant at z =  14. The values of the n's for the fits were (from left 
to right) 1.35, 1.72, 2.53, 3.55, and 3.94. (B) Voltage dependence of the normalized probability 
that the channel is open according to Scheme Ill, a class A model with cooperative interactions. 
The cooperativity was introduced as described in the text. The curves were calculated using 4, = 
5, 4, 3, 2 and 1 (from left to right). When 4, =  1, the model is an independent model and K = 
K0 eI~.svns-5)  where K0 =  1,200.  For all the traces where 4'  >  1, the equilibrium constants at 0 
mV (K0) were adjusted so that the limiting probability slopes at low Po were the same as the 
those for 4, =  1. 
rise reflects the total equivalent charge movement, which is unaltered in the different 
models  of  Fig.  2 A.  Each  of  the  model  predictions  is  fitted  with  a  power  of  a 
Bohzmann distribution (Eq. 3) where the total equivalent charge in the fit (nz) was set 
equal  to  the  total  equivalent  charge  in  the  model  (4zs,  where  zs  is  the  charge 
movement associated with the conformational change in each subunit). The predic- 
tions  of these  class  B  models  are  clearly well  described  by  powers  of  Bohzmann 
distributions (dashed curves) where n decreases as L increases. When the equilibrium of 
the final transition is heavily biased toward the open state, the voltage dependence of ZAGOTrA ET AL.  Shaker Potassium Channel Gating HI  327 
P0 is indistinguishable from a  Boltzmann distribution, and when the equilibrium of 
the final transition is heavily biased toward the closed state, the voltage dependence 
of P0 is indistinguishable from a forth power of a Boltzmann distribution. Therefore, 
even  though  the  analytical  expression  for  the  voltage  dependence  of P0  is  quite 
complex for this model, the predicted voltage dependence is indistinguishable from 
Eq. 3 where the total charge movement is preserved and  1  _< n  <  4. In this case the 
experimentally determined value of n is no longer equal to the number of transitions 
and may be a noninteger value. 
The voltage dependence of P0 is also made steeper at moderate P0 by including 
cooperative interactions  among  the  subunits.  Cooperativity was  introduced into  a 
class  A  model  by  including  an  energy  of stabilization  for  each  transition  that  is 
proportional to the number of transitions that have already occurred. This model can 
be expressed as follows: 
4K  3/'~K~b  ~K62  %Kqb  3 
CI  ~  )  C2  ~  ~ C3  ~  ~  C4  ~  ~ 0 
SCHEME Ill 
where K  represents  the  equilibrium constant for each transition  in  the  absence  of 
cooperativity, and 6  represents a cooperativity stabilization factor. Fig. 2 B shows the 
predicted voltage dependence of this model with + ranging from 1 to 5. The effect of 
cooperativity is,  once again,  to increase the steepness of the voltage dependence of 
Po only at intermediate and high probabilities, making the voltage dependence of Po 
shaped more like a Boltzmann distribution. This effect is also seen when cooperativ- 
ity is implemented in other ways, such as when the equilibrium constants of the four 
sequential  transitions  are  the  same  (Vandenberg  and  Bezanilla,  1991),  or when  a 
stabilization  factor  is  introduced  only  when  a  neighboring  subunit  has  changed 
conformation (Hill and  Chen,  1971a; Tytgat and  Hess,  1992).  In fact, a  concerted 
final  opening  transition,  as  discussed  above,  or  a  slow  first  closing  transition  as 
discussed in the previous paper (Zagotta et al.,  1994) also increase the steepness of 
the voltage dependence of P0 at intermediate and high probabilities. Because these 
transitions cannot be accounted for by the independent action of multiple subunits, 
they also are also a form of cooperativity. Note that all of the models in Fig. 2 exhibit 
an  identical amount of charge movement and yet the slope  of the steady state P0 
versus  voltage  relation  is  dramatically  altered  by  this  cooperativity.  This  further 
illustrates  the  limitations  of these  steady  state  measurements  in  determining  the 
charge movement. 
The different models in Fig.  1 cannot be easily distinguished based on their fits to 
the steady state activation data. Fig. 3 A shows a plot of the predictions of one model 
from each of the classes in Fig.  1 superimposed on the P0 vs. voltage data measured 
from the tail currents as described in the previous paper (Zagotta et al.,  1994). Note 
that while these models predict subtle differences in the voltage dependence of P0, 
these  differences  are  insignificant  compared  to  the  error  estimates  in  the  P0  vs 
voltage  data.  Therefore, by  themselves,  these  fits  cannot  be  used  to  discriminate 
among  these  classes  of models  as  has  been  attempted  previously  (Liman,  Hess, 
Weaver, and Koren, 1991). However, some general characteristics in the models were B  I 
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necessary  to  produce  an  adequate  fit for  all of the  models  considered.  All of the 
models  require  the  equivalent  of at  least  12  to  16  total  charges  moving  in  the 
transitions before opening.  Less charge,  12  or  13  charges,  is sufficient if the model 
predicts a P0 vs voltage relation described by a low power of a  Boltzmann distribution 
(cooperative models), while more charge, at least 16 charges, is required if the P0 vs 
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FIGURE 3.  (A) Voltage depen- 
dence of the normalized prob- 
ability that the channel is open 
obtained from  the  tail current 
measurements  (see  previous 
paper,  Zagotta  et  al.,  1994). 
The  error  bars  indicate  the 
standard  error  of  the  mean. 
Predictions of one model from 
each of the five classes in Fig. 1 
are  also  shown  superimposed 
and  they  are  essentially indis- 
tinguishable.  For  the  class  A 
model  (see  Scheme  III),  K  = 
420 exp(V/7.8) and ~  =  6.5. For 
the class B  model (Scheme  II), 
K  =  440 exp(V/7.8) and L =  5. 
For  the  class  C  model  (see 
Scheme IV), K =  450 e ~v/7-5~,  L  = 
5,  and f=  10.  For the class D 
model  (see  Fig.  7),  tx/[3  =  3 
e (v/14),  ~//~  =  132  eWn76) and 
+  =  9.44.  Note  that  for  these 
calculations, the Cf state was not 
included. For the class E model 
(see  Fig.  1),  the  equilibrium 
constants for the transitions be- 
tween R1 and R2, R2 and A, R1 
and  R3,  and  R3  and  A  were 
tx/[3,  ~//~,  f*  ct/[3,  and  f*~/~, 
respectively, a/J3  =  1,100  e ¢¢/6). 
~//~ =  20. f  =  10.  V represents 
the membrane voltage in mV. (B) The data shown inA are plotted as a semilogarithmic plot. The 
predictions of the five classes of the model essentially superimpose except for that made by the 
class C model. 
dent models). This is also illustrated in Fig. 2 B  of the previous paper (Zagotta et al., 
1994).  A  second  characteristic  pertains  to  models  that  contain  multiple  types  of 
voltage-dependent transitions, such as some class B and D  models. For these models 
the equilibrium constant for the voltage-dependent transition occurring first, such as 
K  in Scheme II, cannot be substantially larger than  that of the transitions occurring 
later such as L  in Scheme  II. This is because if a  later voltage-dependent transition ZAGOTrA ET AL.  Shaker Potassium Channel  Gating 1II  329 
requires much higher voltages to occur, it will dominate the voltage dependence of 
P0. In fact a mechanism involving the destabilization of a second voltage-dependent 
transition has been proposed to account for the decreased slope of the P0 vs voltage 
relation induced by a mutation near the $4 region (Schoppa, McCormack, Tanouye, 
and Sigworth,  1992). 
The  class  C  model  used  for the  predictions  in  Fig.  3 A  can  be  summarized  as 
follows: 
4K  ½K  "~AK  t/4K 
C1  ~  ~  C2  ~  ~  C3  ~  ,  C4  ~  ,  C5 
01  ~  )  02  ~  )  03  <  )  04  <  )  05 
4Kf  3/21(f  2/3Kf  'AKf 
SCHEME IV 
where  K  represents  the  equilibrium  constant  for  each  independent  transition,  L 
represents the equilibrium constant for the concerted transition, and f represents the 
factor  by  which  the  concerted  transition  is  stabilized  by  each  independent  and 
identical  voltage-dependent  transition.  The  predicted  P0  vs  voltage  relation  of 
Scheme IV exhibits one qualitatively different characteristic from those of the other 
models. At low voltages, the predicted P0 increases less steeply with voltage. This is 
particularly evident in the semilog plot of the P0 vs voltage relation shown in Fig. 3 B. 
It arises from the fact that  this class of models allows the channel to open only by 
undergoing  the  concerted  transition.  If  the  concerted  transition  is  not  voltage 
dependent,  the P0 vs voltage relation will  level off at low voltages,  suggesting  the 
channel  might  exhibit  a  small  but  constant  open  probability  at  any  arbitrarily 
negative voltage.  If the  concerted transition  is  voltage  dependent,  the  Log P0  vs 
voltage relation will  still  become markedly less steep  at negative voltages.  Because 
this decreased slope of the Log P0 vs voltage relation is not observed in the data, the 
equilibrium probability of being in state O l at low voltages must be extremely small. 
We estimate that f, the factor by which the c0ncerted transition is stabilized by each of 
four independent and  identical voltage-dependent transitions,  must be at least 20. 
Therefore the only open state in Scheme IV that is likely to ever be populated is state 
05. This conclusion would also be consistent with the finding that the open times are 
generally described by a single exponential distribution (see first paper, Hoshi et al., 
1994). With this large estimate for f, the class C  model in Scheme IV is essentially 
identical to the class B model in Scheme III. 
Activation  Time Course at Depolarized  Voltages 
While  the  models  could  not  be  easily  distinguished  based  on  their  steady  state 
predictions, they make different predictions in their kinetic behavior. In this section, 
we  will  use  the  activation  time  course  to  discriminate  among  the  models.  The 
activation time course from six different patches with steps  to 0  and  +50  mV are 
normalized  by  their  peak  current  amplitude  and  compared  in  Fig.  4,A  and  B, 
respectively.  This  figure  illustrates  the  typical  variability  seen  among  different B  +50 mV 
patches. The time-to-half maximal currents vary by  ~  1 ms at 0  mV and 0.5  ms at 
+50 inV. The currents activate with a  sigmoidal time course which, as shown in the 
previous paper (Zagotta et  al.,  1994),  reflects the requirement for many conforma- 
tional  changes  before  opening.  Sigmoidicity,  as  defined  in  the  previous  paper, 
reflects the number of conformational changes and their relative rates but does not 
A  0 mV  C  0 mY 
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FIGURE 4.  (A and B) The activation time course from six different patches at 0 mV (A) and at 
+50 mV (B). The currents are scaled so that their peak amplitudes are the same. The currents 
were elicited in response to voltage steps to 0 or + 50 mV from a holding voltage of -100 mV. 
The data were filtered at  10 or 8 kHz.  The data from five of the six patches were recorded 
using the  standard  extracellular solution described.  The  data  from  the  other  patch  were 
recorded using the NMG-solution  with no added K  + used to record the gating currents. (C and 
D) The currents shown in A and B were scaled to compare the sigmoidicity as described in the 
previous paper (Zagotta et al.,  1994). 
depend on the absolute rate for any particular transition. As shown in the previous 
paper (Zagotta et al.,  1994), the sigmoidicity can be seen by adjusting the time scales 
of the different current traces so that the rate of rise at their half maximal current is 
similar. As can be seen in Fig. 4, C and D, the degree of sigmoidicity varied much less 
between patches  than  the  overall time course  of activation. This  suggests  that  the ZAGOTTA ET AL.  Shaker Potassium Channel  Gating 1II  331 
currents  from  different  patches  vary  primarily  in  the  absolute  rate  for  these 
transitions and not in the number of transitions or their relative rates. Because of this 
variability,  occasionally  the  parameters  of  the  model  had  to  be  adjusted  to  fit 
particular experiments. 
The classes of models in Fig.  1 differ markedly in their predictions  for the  time 
course of activation with steps to depolarized voltages. In the previous paper (Zagotta 
et al.,  1994) we showed that a minimum of six independent and identical transitions 
or five cooperative transitions  would be required  to reproduce the  sigmoidal delay 
seen in the activation time course. However, because class A models only exhibit four 
transitions  before  opening,  these  models  with  any  amount  of cooperativity could 
never  account  for the  observed  sigmoidal  delay.  Class  B  and  C  models,  with  five 
transitions before opening, would only produce a sufficient sigmoidal delay if the rate 
of the forward transitions maintain a ratio of 1:1:1 : 1:1. To produce this ratio, the rate 
of the four identical transitions would have to increase as activation proceeds so as to 
exactly  compensate  for  the  decreased  number  of allowed  transitions  (Vandenberg 
and  Bezanilla,  1991).  Furthermore,  because  the  sigmoidicity  is  not  significantly 
altered up to at least +140  mV, this ratio would have to be maintained over a wide 
range  of voltages.  Therefore,  the  rate  and  voltage  dependence  of the  concerted 
transition would have to be quite  similar to those of the identical  transitions.  If the 
concerted  transition  were  voltage  independent,  as  in  the  model  of Zagotta  and 
Aldrich  (1990b),  it  would  become  rate  limiting  at  large  depolarized  voltages  and 
result in a significant loss in the sigmoidicity in the activation time course (Schoppa, 
McCormack, Tanouye,  and  Sigworth,  1991).  These restrictions  on the  rates of the 
class B and C models are inconsistent with the results of reactivation and the effects 
of holding  voltage  on  the  activation  kinetics  (see  previous  paper,  Zagotta  et  al., 
1994).  Therefore class A,  B  and C models could never completely account for all of 
the data presented in the previous paper. 
Class D and E models both require a minimum of eight transitions before opening, 
two in each subunit.  In this respect, both models are quite capable of producing the 
sigmoidal delay seen in the activation time course. To estimate the forward rates for 
these models, we have fitted the activation time courses at depolarized voltages with 
the predictions of a  scheme involving the independent  action of four subunits,  each 
of which must undergo two coupled transitions to open the channel. This scheme can 
be abbreviated as follows: 
a  ~/  ]4 
R l --~ R  2 "--~  A 
SCHEME  V 
where et and ~/represent the rate constants of the first and second forward transitions 
respectively, R1  and R~ represent resting states and A represents the activated state 
for each subunit. When all four subunits are in the A state the channel is considered 
to  be  open.  The  rates  of  the  reverse  transitions  are  expected  to  be  small  at 
depolarized voltages and so were ignored. The fits of Scheme V to the activation time 
course with  steps  to  between  0  and  50  mV  is  shown  in  Fig.  5 A.  The  rates  that 332  THE JOURNAL OF GENERAL PHYSIOLOGY • VOLUME 103 •  1994 
produced these fits and those from other patches are plotted as a function of voltage 
in Fig. 5 B.  Note that both rates increase with voltage with a roughly similar vohage 
dependence. This is expected because a  similar voltage dependence will maintain a 
constant ratio between the rates, and therefore a constant sigmoidicity in this voltage 
range as required by the data. Single exponential functions were fitted to the voltage 
dependencies of the rates and are superimposed on the data in Fig. 5 B.  One of the 
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FIGURE 5.  (A)  The  fits  of 
Scheme V (see the main text) to 
the activation time course. The 
currents  were  elicited  in  re- 
sponse to voltage pulses to be- 
tween  0  and  +50  mV from  a 
holding voltage  of  -100  mV. 
The  data  were  filtered  at  10 
kHz and digitized every 20 I~s. 
The  backward  rates  were  as- 
sumed to be zero.  All the sub- 
units are set to be in R~  at t  = 
0.  The  fits  were  done  on  the 
data  points up  to  90%  of the 
peak  amplitudes  because  the 
very late phase of the activation 
time course was variable among 
the  experiments.  (B)  Voltage 
dependence of the two forward 
rate  constants  in  Scheme  V. 
The  ionic  currents  from  five 
different  patches  were  fitted 
with  Scheme V.  Values  of the 
two forward rate  constants are 
plotted  and  fitted  with  expo- 
nential functions. For the fast- 
est  rate  constant (unfilled  sym- 
bols),  its  value  at  0  mV  was 
2,800/s  and  the  equivalent 
charge  was  0.32  electronic 
charges. For the other rate con- 
stant,  they  were  1,140/s  and 
0.25 electronic charges. 
rate constants is 1,140 s -1 at 0 mV and increases e-fold per 100 mV, corresponding to 
an equivalent charge movement of 0.25 electronic charges. The other rate is  ~ 2,800 
at  0  mV and  increases e-fold  per  80  mV,  corresponding to  an  equivalent charge 
movement of 0.32 electronic charges. The solution to Scheme V is identical whether 
the  faster  rate  corresponds  to  a  or  ~/.  Nevertheless,  as  will be  shown  later,  these 
different orientations of the rates predict very different gating current time courses. ZAGO'ITA  ET AL.  Shaker  Potassium Channel Gating III  333 
Deactivation  Time Course and Voltage Dependence 
In the preceding discussion, we have analyzed the implications of the activation time 
course at depolarized voltages on the rates  and voltage dependence  of the forward 
transitions  in the various  models.  In this  section we analyze the  implications  of the 
deactivation  time course on the  reverse  transitions  in the  models.  The deactivation 
time course from seven different patches with repolarizing steps to -80  and -40  mV 
are  normalized  by their  peak current  amplitude  and compared  in  Fig.  6, A  and B, 
respectively. This figure illustrates  the  typical variability  in deactivation  time  course 
A  •  -80 mV 
FIGURE 6.  The  deactivation  time 
course from seven different patches at 
-80 mV (,4) and at -40 mV (B). The 
currents were  scaled  to the  instanta- 
neous  current  amplitudes  immedi- 
ately  after  the  depolarizing  pulses. 
The patches were depolarized to +50 
mV for  10 ms and  then  to  -80 mV 
(A)  or  -40  mV  (B).  The  data were 
filtered  at  3  to 6  kHz and  digitized 
every 34 p,s. 
1'0  2'0  4'o  5'0 
Time (ms) 
seen  in  different  patches.  Note  that  the  tail  currents  at  -80  mV were  much  more 
reproducible than those at  -40  mV. This occurs because the channels are about 70% 
activated  at  -40  mV  and  the  steady  state  activation  is  steeply  dependent  on 
membrane  voltage.  Therefore  small  differences  in  the  voltage  dependencies  in 
different patches (-+5 mV) will cause large differences the steady state level of the tail 
currents.  At  -80  mV, however, much less variability is seen because the steady-state 334  THE  JOURNAL  OF  GENERAL  PHYSIOLOGY  •  VOLUME  103  •  1994 
level  of  activation  is  virtually  zero.  Because  of  this  variability,  occasionally  the 
parameters of the model had to be adjusted to fit particular experiments. 
The  deactivation  time  course  at  hyperpolarized  voltages  is  dominated  by  the 
transitions near the open state and has been examined both at the macroscopic and 
single-channel level. In the previous paper (Zagotta et al.,  1994),  it was found that 
macroscopic deactivation at hyperpolarized voltages  (-160  to  -50  mV)  exhibits  a 
nearly single exponential time course with a  time constant that decreases e-fold per 
24 mV of hyperpolarization.  From the analysis of single-channel currents in the first 
paper (Hoshi et al.,  1993),  this deactivation was found to reflect more than just the 
rate  of the  closing  transition.  Upon  hyperpolarization,  the  channels  opened  and 
closed  in bursts before entering  an absorbing closed  conformation.  Both  the burst 
durations and the open durations decreased with increasing hyperpolarizations. The 
voltage-dependence  of  the  open  durations  and  total  open  time  during  a  burst 
suggested that the channel can undergo at least two types of closing transitions,  as 
shown in the partial kinetic scheme below: 
AV 
...C  ~  O~  'Cf 
SCHEME Vl 
where  ...  C  represents  closed  states  in  the  activation pathway and  Cf represent  a 
shorted-lived  closed  state.  Closures  to  Cf occurred  with  a  rate  that  was  virtually 
voltage-independent  and  were  the  predominant  closures  seen  at depolarized  volt- 
ages.  Closures  to  ...  C  occurred  with  a  rate  that  increased  exponentially  with 
hyperpolarization,  ~ e-fold per 22 mV of hyperpolarization. The voltage-dependent 
closing transition  becomes appreciable at hyperpolarized voltages and  accounts for 
the voltage dependence of the macroscopic deactivation. 
Class A and  B models as shown in Fig.  1 contain only one closing transition.  To 
account  for  the  voltage-dependence  of the  open  durations  and  total  open  time 
during a burst, these models would have to be extended to include closures to states 
not directly in the activation pathway. This is summarized for a class A model in the 
scheme below: 
AV  AV  AV  AV 
C 1 ¢,  'C2<~C3<-~C4  ¢  •0  ¢  ,Of 
SCHEME VII 
where Cf represents a closed conformation not directly in the activation pathway. In 
Scheme VII the O ~  Cf rate is voltage-independent while the O ---, C4 rate increases 
e-fold per 22 mV, corresponding to 1.16 electronic charges moving between the open 
state  and  the  transitions  state  to  closing.  From  the  analysis  in  the  previous  paper 
(Zagotta et al.,  1994),  it was estimated  that the voltage dependence  of the forward 
transitions corresponds to  ~ 0.4 electronic charges moving between the closed state 
and the transition state to opening. Taken together, Scheme VII would contain only 
1.6  electronic  charges  moving  for  each  subunit  or  a  total  of only  6.4  electronic 
charges moving for the activation transitions. This is significantly less than the  12 to 
16  electronic  charges  estimated  for  the  activation  transitions  from  the  voltage ZAGOTTA ET AL.  Shaker Potassium Channel Gating HI  335 
dependence  of the  steady state probability of being open,  and once again demon- 
strates that class A models are not adequate to account for channel activation. 
These problems are partially alleviated by the class B model summarized below: 
AVI  AVI  AVI  AVI  AV2 
C1  ~  ~ C2 ~  ~ C~ *----*  C4 ~  ~ C5 <  ~  O  ~  )  Cf 
SCHEME VIII 
where AV1  represents the voltage-dependence of the transition within  each subunit 
and AV2 represents the voltage-dependence of the concerted transition. This model 
has previously been proposed to account for the gating currents  in Shaker  channels 
with  a  mutation  near  the  $4  segment  (Schoppa  et  al.,  1992).  To  fit  the  voltage 
dependence  of the  steady state open probability and  the  deactivation kinetics with 
Scheme VIII, the concerted transition could move 1.6 electronic charges and each of 
the  transitions  within  each  subunit  could  move  2.6  to  3.6  electronic  charges. 
However, in addition to not producing enough sigmoidal delay, Scheme VIII cannot 
account for the time course of the OFF gating currents for channels that have not yet 
opened, as shown below. 
The class C  models  provide a  different  interpretation  of the  deactivation transi- 
tions.  Because  this  class  of models  contains  multiple  open  states,  the  measured 
closing rates would represent a weighted  sum of the closing rates from each of the 
open states.  Furthermore,  the closing rates from the  lower open states,  such as 04 
and O~ in scheme IV, would be expected to be faster than from 05. If the concerted 
transitions were voltage-independent, the open times would be voltage independent 
at depolarized voltages where the channels could close predominantly from 05,  and 
would  decrease  at  more  hyperpolarized  voltages, where  the  channels  would  close 
more frequently  from the  lower open  states.  The  class  C  models,  therefore,  quite 
naturally  account  for  the  nonexponential  voltage-dependence  of the  open  times 
without invoking a closed state not in the activation pathway. However, as mentioned 
earlier,  these models would predict multiple components to the open time distribu- 
tion, which were not observed. In addition,  the large value of  f  estimated from fits to 
the P0 vs voltage relation might preclude the occurrence of the lower open states at 
only moderately hyperpolarized voltages. 
The class D and E models both contain a second transition in each subunit that is 
required for channel opening. However the class D model as shown in Fig.  1 contains 
only one closing transition. As for class A and B models, this model would have to be 
extended  to  include  closures  to  states  not  directly  in  the  activation  pathway  to 
account  for  the  voltage-dependence  of the  open  durations  and  total  open  time 
during a burst. The class E models afford a simple explanation for the nonexponen- 
tial voltage-dependence of the  open  times.  In  these  models  the  open channel  can 
close in either of two ways, by the reverse of the first transition or by the reverse of the 
second  transition.  If the  second  transition  is voltage-independent,  the  open  times 
would  be voltage  independent  at  depolarized  voltages, where  the  channels  would 
close by the second transition,  and would decrease at more hyperpolarized voltages, 
where the channels would close by the voltage-dependent first transition. However, as 
for class A models, the voltage dependence of the reverse of the first transition is not 336  THE  JOURNAL  OF  GENERAL  PHYSIOLOGY  •  VOLUME  103  •  1994 
adequate  to account  for the  total voltage dependence  of activation. Therefore,  for 
these models, it seems likely that both transitions of each subunit would have to carry 
a  significant amount of charge, as already suggested for the voltage-dependence of 
the forward transitions in Fig. 5. 
ON Gating Current  Time Course 
The  rate  of the  transitions  among closed  states  away from the  open  state can  be 
investigated by analyzing the time course of the ON gating currents. As shown in the 
previous paper (Zagotta et al.,  1994),  the gating currents  above  -20  mV exhibit a 
small rising phase or plateau followed by an exponential decay.  It has been shown 
that a rising phase of the ON gating currents can arise as an artifact in the protocol to 
subtract linear capacitance (Armstrong and Bezanilla,  1974; Stuhmer, Conti, Stocker, 
Pongs,  and  Heinemann,  1991).  However, we have observed a  similar rising  phase 
with several different subtraction protocols (see methods in previous paper [Zagotta 
et  al.,  1994])  and  therefore  believe  that  it  did  not  arise  entirely  from  improper 
subtraction  of linear  capacitance.  This  rising  phase  has  often been  interpreted  to 
indicate  nonindependent,  or  cooperative,  gating  among  the  subunits  during  the 
activation  transitions  (Perozo,  Papazian,  Stefani,  and  Bezanilla,  1992;  White  and 
Bezanilla,  1985). The time course of these gating currents can be approximated by a 
class A,  B,  or  C  model where  the  relative  rates  of the  forward  transitions  in  each 
subunit  are  adjusted  so  that  a  slower voltage-dependent  transition  is  followed  by 
more  rapid  voltage-dependent  transitions  (Perozo  et  al.,  1992).  Even  without 
cooperative interactions among subunits,  class D  and E  models can exhibit a  rising 
phase of the ON gating current, as shown for a class D  model later. Alternatively, a 
rising  phase  of  the  ON  gating  currents  can  be  produced  by  a  more  weakly 
voltage-dependent transition  followed by a  more strongly voltage-dependent transi- 
tion. 
OFF Gating Current  Time  Course 
The rate of the reverse transitions among closed states away from the open state can 
be investigated by analyzing the time course of the OFF gating currents at hyperpo- 
larized voltages for channels that have not been allowed to reach the open state. As 
shown  in  the  previous  paper  (Zagotta et  al.,  1994),  this  rate  can  be estimated  by 
measuring  the  OFF  gating  currents  after short  pulses  to  +50  mV or  after longer 
pulses to between -60 and  -20 mV. Both methods produce OFF gating currents at 
-  100 mV with roughly a single exponential time course with a time constant of ~ 0.5 
ms.  This  indicates  that  the  rate  limiting  step  for  return  of the  gating  charge  in 
channels that have not yet opened is  ~ 2,000  s -1 at -100 mV, markedly faster than 
the rate of closure of open channels  (about  I000 s -1  at  -100  mV in our standard 
solution). 
A rate of 2,000 s -1 at -100 mV, however, is much slower than is expected for class 
A, B, and C models based on the steady-state properties discussed earlier. If many of 
the transitions before opening represent single independent and identical transitions 
in each subunit, as in class A, B, and C models, the rate of these OFF gating currents 
is a direct measure of the rate of the reverse transition for each subunit. AS shown in 
Fig. 3, the class A model in Scheme I can quite readily account for the steady state P0 ZAGOTI'A  ET AL.  Shaker  Potassium Channel Gating 1H  337 
vs voltage data.  The  equilibrium  constant,  K,  for the  elementary  transition  in  this 
model is given by the following equation: 
K =  -  (4)  [3 
where ot is the rate of the forward transition and [3 is the rate of the reverse transition 
in  each  subunit.  K  was  assumed  to  be  exponentially  dependent  on  voltage  with 
K-100  =  0.0011.  a  was estimated in the previous paper (Zagotta et al.,  1994)  to be 
~  1,000 s -1 at 0 mV and increased e-fold per 60 inV. Extrapolation of this estimate 
down to  -100 mV gives a-100 =  190 s -l. Substitution of K-100 and a-100 into Eq. 4 
gives [3-100 =  1.7  x  105 s -a.  Note that  this predicted value of f3-100 is significantly 
faster than the rate of 2,000  s -l  measured from the OFF  gating currents.  Further- 
more,  for class  B  and  C  models,  Schemes  II and  IV respectively,  the  equilibrium 
constant  for the  concerted  conformational change,  L,  is generally  greater than  K, 
resulting in an even greater predicted value for [3-100. While we cannot rule out the 
possibility that the extrapolations for estimating K_ 100 and et_ 100 from more depolar- 
ized voltages may be in error, this error would have to be quite significant to account 
for the large discrepancy between the predicted and measured values of [3-100. This 
analysis suggests that,  relative to independent  and  identical  transitions,  the  gating 
charge is slowed in its rate of return  even before the channel  opens,  and becomes 
even  further  slowed  after  opening.  This  behavior  might  be  explained  by  adding 
cooperativity for the subunit transition in class A, B, or C models, however, as shown 
below, is more naturally accounted for by class D models. 
A  Class D Model Can Account for Most of the Channel Behavior 
For a  model  to be successful it must be able to simultaneously fit the data from a 
number of different types of experiments. While class A, B and C models in Fig.  1 can 
be made to fit many individual  steady state or kinetic experiments, the  same set of 
rate constants  cannot  simultaneously fit all of these  data.  If the rate constants  are 
constrained  to  fit  the  voltage-dependence  of  steady  state  activation,  then  these 
models cannot adequately account for many of the kinetic measurements, including 
the following:  (a)  the sigmoidal delay in  the  activation time course;  (b)  the voltage 
dependence  of  deactivation;  (c)  and  the  time  course  of  the  gating  currents  for 
channels that have not yet opened. As we have discussed above, however, models with 
two voltage-dependent conformational changes,  classes D  and  E,  are well suited  to 
explain these data. In this section, we will present a class D model that can account 
for virtually all of the steady state and kinetic behavior that we have discussed. 
A model that is consistent with the data is a  class D  model in which  the channel 
requires  two voltage-dependent  conformational changes  in  each  of its  subunits  to 
open  and,  once  open,  can  undergo  a  transition  to  the  relatively  unstable  closed 
conformation  Cf.  This  model  is  summarized in  Fig.  7  in  both  an  abbreviated  and 
more complete form and is outlined  in more detail in the appendix. The gating of 
the different subunits is considered to be independent  except for the Cf state and a 
slower first closing transition. The first closing transition is slowed by the factor O. If 
each rate constant is assumed to be exponentially dependent on voltage, this model 
possesses  nine  free  parameters for  the  transitions  occurring  before  opening.  The 338 
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FIGURE  7.  A  class D  model consistent with the experimental data. The  model is shown in an 
abbreviated  form (left)  showing conformational changes of each of the four subunits, and in a 
complete form (right)  showing the conformational changes in the channel. 
values  of these  parameters  that  produce  acceptable  fits were  ascertained  from the 
data  discussed  above  and  are  presented  in  Table  I.  The  P0  vs  voltage  relation 
established the total voltage dependence of the transitions and the voltage at which 
half of the  channels were  open.  The  rate  and  voltage dependence  of the  forward 
transitions were estimated from the time course of activation at depolarized voltages 
(Fig.  5). The rate and voltage dependence of the reverse transition out of the open 
state were estimated from the time course of deactivation. Finally, the time course of 
the OFF gating currents for channels that have not opened, estimated from short or 
low voltage pulses, established the value of 0. 
In  addition,  the  model  contains  three  free  parameters  for  the  transitions  after 
opening, the O ~  Cf rate, the Cf --~ O rate, and the voltage dependence of the Cf 
O rate (the O ~  Cf rate was considered to be voltage-independent). These parameters 
were determined from an analysis of the single-channel  kinetics as discussed  in the 
TABLE  I 
Summary of the Rate Constants  for the Model in Fig.  7 
Rate constant  ko  zk 
k  s -t  e- charges 
a  1120  0.25 
I~  373  1.6 
"t  2800  0,32 
21.2  1.1 
O ~  Cf  600  0 
Cf ---* O  3800  0.17 
The variables are defined in the Appendix. The value of 0 is 9.4. ZAGOTrA ET AL.  Shaker Potassium Channel  Gating HI  339 
first  paper  (Hoshi  et  al.,  1994).  While  in  the  first  paper  we  suggested  that  the 
Cf  ~  0  rate  had  very  little  voltage-dependence,  we  find  that  a  slight  voltage 
dependence (e-fold per 150 mV, corresponding to 0.17 electronic charges) provides 
a possible explanation for the difference in the P0 vs voltage relation measured from 
pulse and tail current data. This degree of voltage dependence is consistent with the 
fast component of the closed durations (see Fig. 9). 
Steady  state  Po.  The  equilibrium  estimate  of P0  vs  voltage  for  this  model 
produces a nice fit to the steady state P0 vs voltage data, as shown in Fig. 3. For this 
fit to the steady state P0 vs voltage data measured from tail currents, the Cf state has 
been omitted for the reason discussed below. In the previous paper (Zagotta et al., 
1994) we have estimated the steady state P0 in two ways:  from the current during a 
depolarizing voltage pulse and from the tail current after the voltage pulse. These 
two  measurements yielded somewhat  different estimates  for the  steady-state P0 vs 
voltage relation. We suggested that the difference may be due, in part, to an error in 
the estimate of the single-channel current at the hyperpolarized voltages. Here, we 
suggest the alternative explanation that a  small voltage dependence in the Cf ~  0 
transition can account for most or all of the difference. Fig. 8 A shows the probability 
time course calculated for the model in Fig.  7 using a  similar pulse protocol to that 
used to generate the steady state P0 vs voltage data. Measurements of the probability 
at the end of the first pulse,  and 0.5  ms after the beginning of the tail pulse were 
normalized  to  the  probabilities  at  0  to  50  mV and  plotted  against  the  first pulse 
voltage in Fig. 8 B, along with the experimental data measured in a similar manner. 
Notice that, like the experimental data, the calculated probabilities at the end of the 
first pulse exhibit a shallow increase at more depolarized voltages that is not present 
in  the  calculated  probabilities  0.5  ms  after  the  beginning  of the  tail  pulse.  The 
difference results from a dependence of the early time course of the tail currents on 
the  pulse  voltage. The  small voltage  dependence  to  the  equilibrium between  the 
open state and Cf would produce a small increase in the P0 measured from the pulse 
currents at depolarized voltages. This small increase would not be present in the P0 
measured from the tail currents because of a  rapid equilibration between the open 
state and Cf during the tail currents. This explanation suggests that the steady state 
P0 vs voltage relation measured from the pulse represents the equilibrium distribu- 
tion of the entire model, while the steady state P0 vs voltage relation measured from 
the  tails  reflects the  equilibrium  distribution  of the  model  excluding the  Cf state. 
Consistent with this suggestion, the equilibrium distribution of the model without the 
Cf state provides a good fit to the steady state P0 vs voltage data measured from tail 
currents (Fig. 3). 
Single-channel properties. The single-channel behavior is adequately described by 
the  model in  Fig.  7.  The addition  of the  Cf state  after opening predicts  a  partial 
kinetic scheme for transitions around the open state much like Scheme VI. There- 
fore,  the  distribution  of open  durations  will  be  single  exponential  with  a  time 
constant that is nearly voltage-independent at depolarized voltages and decreases at 
hyperpolarized voltages. The predicted distributions were corrected for missed closed 
events by the method of Blatz and Magleby (Blatz and Magleby,  1986 see Hoshi et 
al., 1994) and superimposed on the distributions of open durations between -90 and 
+50 mV in Fig. 9A. The open durations at -90 mV were measured in the presence 340  THE  JOURNAL  OF  GENERAL  PHYSIOLOGY  •  VOLUME  103  •  1994 
of  140  mM  K +  in  the  external  solution  to  permit  single-channel  openings  to  be 
visualized  at  these  hyperpolarized  voltages.  The  predicted  distributions  of  open 
durations  accurately  describes  the  nearly voltage-independent  open  durations  be- 
tween  -50  and  +50 mV, where the closing transitions 0  ->  Cr are dominant. Below 
-50  mV,  the decrease in the open durations seen in the data is reproduced in the 
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FIGURE 8.  (A)  The  time 
course  of the  probability that 
the  channel  is open  simulated 
by the model shown  in  Fig. 7. 
The  model  parameter  values 
were set as in Table I. (B) Volt- 
age dependence of the experi- 
mentally  observed  and  simu- 
lated  normalized  open 
probability. The  observed val- 
ues were obtained as described 
in the previous paper (Zagotta 
et al., 1994).  The filled symbols 
were obtained from the tail cur- 
rents  measurements  and  the 
unfilled symbols were from the 
peak  current  measurements 
during  the  pulse. The  smooth 
curve  fitted  to  the  pulse  data 
was  measured  from  the  open 
probabilities  of  the  simulated 
currents in A during the depo- 
larizing  pulse.  The  smooth 
curve fitted to the tail data was 
measured from the open prob- 
abilities of the  simulated  cur- 
rents  in  A,  0.5  ms  after  the 
depolarization  pulse.  Both  of 
the open probability vs voltage 
curves  from  the  model  were 
normalized to one at  +50 mV. 
Fig. 9 B  shows the distribution of closed durations for the model, after correction 
for missed events, compared to the data between  -40  and  +50 mV. As discussed in 
the first paper (Hoshi et al., 1994), the distribution of closed durations at depolarized 
voltages contains at least two exponential components, one with a  fast time constant 
( ~ 0.3 ms) and one with an intermediate time constant (~ 3 ms). The fast component 
of  the  closed  durations  in  the  model  is  determined  from  the  weakly  voltage 
dependent Cf ~  O  rate and provides a  reasonable description of the data. However, 
the  model  does  not  exhibit  a  significant  intermediate  component,  particularly at 
depolarized  voltage.  In  the  first  paper  (Hoshi  et  al.,  1994)  we  argued  that  this ZAGOTTA ET AL.  Shaker Potassium Channel Gating III  341 
intermediate component must arise, in part, from a closed state, designated Ci, that is 
not always traversed in the process of activation. While the model in Fig. 7 contains 
many closed  states  that  are  not  always  traversed  in the  process  of activation, the 
characteristic closed durations produced by these states at depolarized voltages are 
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FIGURE 9.  (A) Comparison of the observed open duration distributions and those predicted 
by the model in Fig. 7. The model parameter values were set as in Table I. The single-channel 
data were obtained as described earlier (Hoshi et al., 1994). The openings at 0 and +50 mV are 
obtained from the same patch using the standard low K  + external solution. The histogram at 
-90 mV was obtained from the tail openings in the presence of 140 mM K  + in the external 
solution. The smooth lines represent the model predictions using the above parameters with 
the corrections for missed events as described by Blatz and Magleby (1986).  (B) Comparison of 
the  observed  closed  durations  and  those  predicted  by  the  model  shown  in  Fig.  7.  The 
experimentally observed values were obtained as described in A. The model parameter values 
were  set  as  in Table  I.  The  smooth  lines represent  the  model  predictions for  the  closed 
durations after correction for missed events (Blatz and Magleby,  1986). (C) Comparison of the 
observed first  latency distributions (thick  lines)  and those predicted by the  model (thin  lines) 
shown in Fig.  7. The observed first  latencies were obtained as described (Hoshi et al.,  1994). 
The measured first  latency distributions were  scaled to correct for the small number of the 
sweeps which failed to elicit any opening because inactivation was outside of the scope of the 
model. 
all considerably smaller and more voltage-dependent than the intermediate compo- 
nent of the  distribution of closed durations. Therefore,  the  Ci state  is likely to  be 
distinct from any of the closed states in the model of Fig. 7, and therefore closures 
from the Ci state are not present in the calculated distributions. Transitions to the Ci 342  THE JOURNAL OF  GENERAL  PHYSIOLOGY  • VOLUME  103  •  1994 
state  might  occur from the  Cf state or  directly  from  the  open  state.  The  channel 
might  additionally  enter  the  Ci  state  from  one  of the  other  closed  states  in  the 
activation pathway.  Because  closures with  an  intermediate  duration  were  relatively 
infrequent compared to the rapid closures to the Cf state, and because of uncertainty 
in the coupling of the Ci state or states to the other states, we have not included Ci in 
the model of Fig. 7. 
The model also fits the distributions of first latencies between -40 and +50 mV, as 
shown in Fig. 9 C. The relative absence of very short latencies in both the data and 
the model is indicative of the requirement for many conformational changes before 
opening.  In  addition,  the  model  accurately  reproduces  the  decrease  in  the  first 
latencies  with  increased  depolarization  due  to  the  voltage  dependence  of  the 
conformational changes in the activation pathway. 
Macroscopic activation.  The  model  in  Fig.  7  also  provides  good  fits  to  the 
macroscopic activation time course over a wide voltage range. Fig.  10 A plots the fits 
to the activation time course during steps to voltages between -50 and +50 mV on a 
fast  time  scale.  To  fit  these  macroscopic  currents,  the  probability  time  courses 
calculated  from the  model were  multiplied  by a  driving  force  term that  increased 
linearly with voltage and reversed at  -75  mV. While  this reversal potential is more 
positive  than  the  Nernst  potential  for  potassium  (-110  mV),  it  provides  a  good 
estimate  of the  single-channel  current  amplitude  between  -40  and  +50  mV.  Fig. 
10 B  shows the fits between  -50  and  -20  mV on a  slower time scale.  Because of a 
nonlinear  open channel  current-voltage relation  in  this voltage range,  these  calcu- 
lated currents were individually  scaled  to fit the corresponding data. The model is 
not only able to reproduce the voltage-dependence of the activation time course, but 
is  also  able  to  reproduce  the  large  decrease  in  sigmoidicity  at  hyperpolarized 
voltages.  In the  previous  paper (Zagotta et al.,  1994),  this  decrease in  sigmoidicity 
was  shown  by  scaling  the  current  levels  and  the  time  scales  of  the  different 
macroscopic activation time courses  so that the rates of rise of the  currents  at half 
maximal  amplitude  were  equal.  Fig.  10 C  shows  the  results  of this  normalization 
procedure  on  the  model  predictions  for voltage  steps  to  -50,  -40,  0,  +50,  and 
+100  mV.  The  sigmoidicity  is  significantly  less  at  -50  and  -40  mV  than  at 
depolarized voltages, and  the  sigmoidicity is unchanged  between  0  and  + 100  inV. 
These predictions are directly comparable to the results shown in Figs.  13 and  14 of 
the previous paper (Zagotta et al.,  1994). 
Macroscopic deactivation. The model provides reasonable fits to the time course 
of  deactivation  at  hyperpolarized  voltages.  Deactivation  was  measured  from  tail 
currents during hyperpolarized steps to voltages between -40 and -120 mV after 10 
ms pulses to  +50  mV. In Fig.  11,  the tail currents were scaled and overlaid on the 
model predictions calculated using the same pulse protocol. The model reproduces 
the general time course and voltage dependence  of the deactivation.  However, the 
tail  currents  appeared  to  have  a  more  double-exponential  time  course  than  the 
model predicts.  The double  exponential  deactivation time course can arise in  part 
from the closed state Ci, discussed in Hoshi et al., (1994), which is not present in the 
model of Fig. 8. In addition,  the model predicts a small rapid component in the tail 
currents that would generally be too fast to observe experimentally. This results from 
the rapid relaxation of the equilibrium between the open state and Cf due to a small ZAGOTrA ET AL.  Shaker Potassium Channel Gating 111 
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FIGURE 10.  (A)  Comparison 
of the observed activation time 
courses and those predicted by 
the model shown in Fig. 7. The 
currents  were  elicited  in  re- 
sponse to voltage pulses to be- 
tween -50 and +50 mV in in- 
crements  of  10  mV  from  a 
holding voltage  of  -100  mV. 
The  data  were  filtered  at  10 
kHz and digitized every 10 I~s. 
To calculate the open probabil- 
ity curves, the probability of be- 
ing in C~ was set to  1.0 at time 
t  =  0.  A  linear single-channel 
current-voltage  relationship 
(i(V))  with the reversal voltage 
of  -75  mV was  assumed.  (B) 
Comparison of the observed ac- 
tivation time courses at -50 to 
-20  mV  and  those  predicted 
by  the  model  in  Fig.  7.  The 
currents  were  elicited  in  re- 
sponse to voltage pulses to be- 
tween -50 and -20 mV in in- 
crements  of  5  mV  from  a 
holding voltage  of  -100  inV. 
The  simulated  currents  were 
scaled to match the experimen- 
tally observed currents because 
of  the  nonlinear i(V)  in  this 
voltage  range.  The  data  were 
filtered at  1 kHz and digitized 
every 400  I~s. (C)  Sigmoidicity 
of the ionic current time course 
predicted by the model in Fig. 
7. The currents at -50, -40, 0, 
+50, and + 100 mV were simu- 
lated  and normalized to  com- 
pare  the  sigmoidicity  as  de- 
scribed  in  the  main  text  and 
also  in  the  previous  paper 
(Zagotta et al.,  1994). 
amount of voltage-dependence in  the  Cf  ~  O  transition. This  phenomenon was 
suggested above to be responsible for the differences in the P0 vs voltage relations 
measure from the pulse current and from the tail current. 
Gating  currents.  Fig.  12 A  shows  the  fits  of the  model to  the  gating currents 
during steps to voltages between -80  and +40 mV followed by steps to  -100  mV. 344  THE  JOURNAL  OF  GENERAL  PHYSIOLOGY  •  VOLUME  103  •  1994 
Both  the  ON  and  OFF  gating  currents  have  been  scaled  by  a  constant  factor 
equivalent to the number of channels  in the patch. The general time course of the 
ON gating currents is well described by the model. In particular, the model predicts 
a rising phase in the ON gating currents with 8-ms steps to voltages above -20 inV. 
The predicted rising phase has a similar time course and voltage dependence to that 
seen in the data. A rising phase has often been interpreted to indicate nonindepen- 
dent,  or  cooperative,  gating  among the  subunits  during  the  activation  transitions. 
However,  in  this  model,  it  is  arising  from  multiple  voltage-dependent  transitions 
occurring  in  a  single  subunit.  The  nonindependence  imposed  by  the  slower  first 
closing  transition  has virtually no effect on the  ON  gating currents  at depolarized 
voltages. The  steady  state charge  movement was estimated  by integrating  the  ON 
gating currents for 16 ms after subtracting off any apparent steady state current at 16 
ms.  The  data,  normalized  to  the  charge  movement  at  depolarized  voltages  and 
averaged from 19 patches, are plotted as a function of voltage and compared to the 
model predictions in Fig.  12 B. The model provides a good description of the voltage 
dependence of the steady state charge movement. 
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FIGURE 11.  Comparison of the  ob- 
served  deactivation  time  course  and 
the predictions of the model in Fig. 7 
(smooth curves). The tail currents were 
recorded  at  -40,  -50,  -60,  -70, 
-80,  and  -120  mV  (from right  to 
left) after  10  ms pulses to  +50  mV. 
The data were filtered  at 6 kHz and 
digitized  every 34  p~s. The data were 
scaled to fit the model's prediction for 
decays in the open probability. 
The amplitude and voltage dependence of the forward transitions were determined 
from the time course of activation at depolarized voltages using fits of Scheme V. One 
of the rates was  1,000  at 0  mV and increased e-fold per  100 mV, whereas the other 
rate  was  2,800  at  0  mV  and  increased  e-fold  per  80  mV.  However,  which  rate 
corresponded  to a  and  which  corresponded  to 7  was not  determined  because  the 
solution  to Scheme V  depends  identically  on {x and ~/.  Fig.  13 A  shows the voltage 
dependence of the macroscopic activation time course for the model in Fig. 7, where 
the slower rate corresponds to the first transition  in each subunit,  and for a  model 
where the ~t and "y rates have been reversed. Changing the orientation of the a  and ~/ 
rates necessitated changing the amplitude of the reverse rates as well to maintain fits 
to the steady state P0 vs voltage relation. As expected, these two models predict a very 
similar  activation  time  course  and  voltage  dependence,  especially  at  depolarized 
voltages. Nevertheless, they predicted very different gating current time courses. Fig. 
13 B  shows  the  predicted  ON  gating  currents  for the  model  in  Fig.  7,  as  already 
shown in Fig.  12 A, while Fig.  13 C shows the predictions for the model where the e¢ 
and ~ rates have been reversed. Reversing the ct and -/rates results in gating currents ZAGO'ITA  ET AL.  Shaker Potassium Channel Gating II1  345 
that are much faster and devoid of a rising phase. Clearly these currents would not fit 
the data in Fig.  12 A,  and the orientation  of the rates  shown in Fig.  7  is preferable. 
The model in Fig. 7 also fits the OFF gating currents and their dependence on the 
voltage and  duration  of the  depolarizing  pulse.  To  fit  the  time  course of the  OFF 
gating currents for channels that have reached the open state the value of 0 had to be 
altered somewhat to account for the slower deactivation kinetics in the gating current 
solutions as discussed in the previous paper (Zagotta et al.,  1994). After 8-ms pulses 
to voltages  below  -20  mV,  both  the  data  and  the  model exhibit  larger and  faster 
OFF gating currents,  resulting  from channels  that have not reached  the  open state 
(Fig.  12 A ). The model predicts a very rapid component to these off gating currents 
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FIGURE 12.  (A) The  experimentally 
observed gating currents and the pre- 
dictions of the model in Fig. 7 (smooth 
curve). The gating currents were elic- 
ited  in  response  to voltage  steps  to 
-80 mV to +40 mV in increments of 
40  mV  from  the  holding voltage  of 
-100  inV.  The  gating currents were 
measured as described in the previous 
paper (Zagotta et al.,  1994). The leak 
holding  voltage  was  +50  inV. The 
data were filtered at 8 kHz and digi- 
tized every 16 V.s. The model param- 
eters are described in Table I except 
that the closing rate was slowed  by a 
factor  of 4  by  setting  0  =  43.  (B) 
Voltage dependence of the integrated 
ON charge  movements.  The  smooth 
line  represent  the  prediction  of the 
model shown in Fig.  7. The ON gat- 
ing currents during 16 ms pulses were 
integrated  and  normalized  to  the 
charge movement at depolarized volt- 
ages. 
which will be markedly reduced due to filtering and has been cut off in Figs.  12 A and 
14.  Fig.  14  shows  that both  the  data  and  the  model exhibit  larger and  faster  OFF 
gating currents following only 1 ms pulses to +50 mV. Once again, these OFF gating 
currents arise from channels that have not yet opened, and their time course is quite 
well described by the model. As discussed  above,  the time course of the OFF gating 
currents for channels  that have not yet opened is  significantly slower than expected 
for models in the classes A, B, or C. The class D  model in Fig.  7  is able to produce 
these  slow  OFF  gating  currents  by  allowing  the  gating  charge  in  each  subunit  to 
become locked  in  by the  second  transition  in  each  subunit.  Therefore,  the  reverse 
rate  for  the  second  transition  becomes  rate  limiting  for  the  return  of the  gating 346  THE  JOURNAL  OF  GENERAL  PHYSIOLOGY  •  VOLUME  103.  1994 
charge for channels that have not yet opened. Furthermore, once the channel opens, 
the gating charge becomes further slowed by the slow first closing transition. 
Reactivation.  The rate of channel reactivation was measured by first applying a 
depolarizing pulse to open the channels, then a brief hyperpolarizing pulse to close a 
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FIGURE 13.  (A)  Time  course 
of the  activation predicted  by 
the model shown in Fig. 7. The 
currents were simulated in re- 
sponse to voltage pulses to -50 
to +50 mV in increments of 10 
mV.  The  probability  of  the 
channel being in C~ was set to 1 
at time t  =  0. At each voltage, 
two  sweeps  were  shown.  One 
sweep  was  simulated with  the 
slower  rate  corresponding  to 
the first  transition in each sub- 
unit as described in Table I and 
the other sweep  was simulated 
using  the  slower  rate  corre- 
sponding to the second transi- 
tion (a  and  ~/  values were  re- 
versed). (B) ON gating currents 
simulated in response  to  volt- 
age pulses to  -80 to  +40 inV. 
The currents were simulated as- 
suming that the first of the two 
transitions in the model shown 
in Fig.  7  is  the  slowest  as  de- 
scribed in Table I. (C) ON gat- 
ing  currents  simulated  in  re- 
sponse to voltage pulses to -80 
to +40 inV. The model param- 
eters were as in Table I except 
that  ~t  and  ~/  values were  re- 
versed. 
fraction of the channels, and finally a second depolarizing pulse to reopen the closed 
channels. The  reactivation time  course  represents  a  sensitive probe  of the  gating 
kinetics.  To  fit  the  reactivation  data,  a  model  must  predict  the  distribution  of 
channels among the closed states at each moment during the deactivation process at ZAGOTrA ET AL.  Shaker Potassium Channel Gating III  347 
hyperpolarized voltages, and predict the time course of opening from each of these 
initial  distributions  at depolarized voltages.  Fig.  15 A  shows the fits of the model in 
Fig.  7  to  the  reactivation  time  course  after  hyperpolarizing  pulses  to  -70  mV  of 
different  duration.  For these  fits  the  predicted  currents  for each voltage  step were 
scaled to account for the change in the driving force. Because the tail currents for this 
particular  experiment  were  somewhat  slower  and  the  activation  kinetics  somewhat 
faster than the average behavior used to estimate the rate constants  in the model of 
Fig. 7, the values of some of the rate constants were adjusted somewhat for these fits, 
+50 mV 
_J  1  I  I  I  -100 mV 
,, 
FIGURE 14.  Observed and simulated 
OFF gating currents following voltage 
pulses to  +50 mV for 1, 2, 3,  and 4 
ms from the holding voltage of -  100 
mV.  The  simulated  gating  currents 
are  shown  using  the  bold  line.  The 
gating currents were recorded as de- 
scribed in the previous paper (Zagotta 
et al.,  1994). The data were filtered at 
8 kHz and digitized every 18 I~S. The 
gating currents were simulated using 
the parameters in Table l except that 
the closing rate was slowed by a factor 
of 4 by setting 0 =  43. 
300 pA 
1 ms 
as described in the figure legend. After very short hyperpolarizing pulses to -70  mV, 
both  the  data  and  the  model  undergo  rapid  reactivation.  In  the  model,  this 
reactivation is occurring from two different pathways.  Most channels reactivate from 
the state  labeled  Cl3 in Fig.  7, requiring a  single  subunit  to undergo two conforma- 
tional  changes.  A  smaller  fraction  of channels  reactivate  from  the  Cf state.  With 
longer hyperpolarizing pulses,  the reactivation time course of both the data and the 
model  becomes  appreciably  sigmoidal.  Furthermore,  the  sigmoidal  character  is 
occurring well before  deactivation  is  complete. This  is  shown for the  model in Fig. 348  THE  JOURNAL  OF  GENERAL  PHYSIOLOGY  •  VOLUME  103  •  1994 
15 B  by shifting the reactivation curves along the time axis to equate the final phases 
of  their  activation  time  courses.  The  sigmoidal  character  seen  after  moderate 
hyperpolarizations  reflects  a  first  closing transition  that  is  slower than  expected  for 
independent  subunits  and is directly comparable to that seen in the data (Fig.  16 B  of 
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FIGURE 15.  (A)  Comparison  of the  observed  and  simulated  ionic current  reactivation  time 
course. The currents were elicited in response to voltage pulses to +50 mV for 10 ms, then to 
-70  mV for different durations (1  to 20 ms) and back to +50 mV. The data were filtered at 4 
kHz and digitized every 20 I~s. The currents were simulated using the parameters described in 
Table  I  except  that  a  =  1,261,  [3  =  420,  ~  =  4,000,  and  O =  10.9.  This  adjustment  was 
necessary as  the particular  tail shown  is slower than  the average tail currents.  The  simulated 
data were scaled to account for the driving force. The probability of the channel being in C~ was 
set to 1 at time t =  0. (B) Comparison of the sigmoidal characteristics of the currents during the 
reactivation. The currents were simulated  as in A. The currents  simulated  during  the second 
depolarizing pulse to + 50 mV following hyperpolarizing pulses to  -70 mV were shifted along 
the  time  axis  to  match  the  latter  phase  of the  reactivation.  (C) Voltage  dependence  of the 
reactivation. The currents were elicited in response to voltage pulses to +50 mV for 5 ms, then 
to  -65  mV for  1 ms  and  to  -20  to  +140  mV in increments  of 20  mV.  The  currents  were 
filtered at 10 kHz and digitized every 10 p.s. The currents were simulated using the parameters 
described in Table I except that a  =  1,361  s -1 and [3 =  453 s -1. 
the  previous  paper  [Zagotta  et  al.,  1994]).  The  voltage dependence  of the  reactiva- 
tion  time  course  after  short  hyperpolarizing  pulses  was  examined  by  varying  the 
voltage of the  second  depolarizing  pulse.  Fig.  15 C  shows  that  the  model  faithfully 
reproduces  the reactivation  time course between  -20  and  + 140  mV. ZAGOTTA ET AL.  Shaker  Potassium Channel Gating llI  349 
Effect of holding voltage on the time course of reactivation.  The model was also tested 
for its ability to predict the effect of holding voltage on the time course of activation. 
This  experiment,  originally  done by Cole  and  Moore  (Cole  and  Moore,  1960)  for 
squid potassium channels, probes the equilibrium distribution of the channels among 
the closed states at different voltages. Fig.  16A shows the model's predictions of the 
macroscopic activation time course for voltage steps to 0  mV from holding voltages 
between  -125  and  -45  mV.  Like  the  experimental  data  shown  in  Fig.  5 B  of the 
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FIGURE 16.  (A) The activation time course at 0 mV predicted by the model shown in Fig.  7 
with different holding voltages (-100 to -40 mV in increments of 10 mV). From left to right, 
the data were simulated with a holding voltage of -40 to -100 mV. The time courses were 
simulated using the parameters described in Table I. (B) The simulated currents shown in A are 
shifted along the time axis relative to the record simulated with the holding voltage of -  100 so 
that the half maximal amplitude times coincide. The delay time is defined as the time required 
for the superimposition. (C) The relative delay time as defined in A as a function of the holding 
voltage. Delay time measured with different holding voltages were normalized. The continuous 
line shows the prediction of the model shown in Fig. 7. The dashed line shows the prediction of 
the model shown in Fig.  17. 
previous paper (Zagotta et al.,  1994),  the more depolarized holding voltages cause a 
decrease  in the  delay associated with  the  activation process.  This  decrease  in delay 
arises because, at more depolarized holding voltages, many of the channels reside in 
closed  states  along  the  activation  pathway  nearer  to  the  open  state  and  therefore 
require  fewer conformational transitions  before opening.  In Fig.  16 B  the activation 
time course is  shifted along the time axis so that the times  to half maximal current 
coincide.  Like  the  experimental  data  shown  in  Fig.  5 C  of  the  previous  paper 350  THE  JOURNAL  OF  GENERAL  PHYSIOLOGY  •  VOLUME  103  •  1994 
(Zagotta et al., 1994), the activation time courses overlay nearly perfectly with holding 
potentials below  -50  mV, hut are somewhat slower with more depolarized  holding 
potentials. 
The voltage dependence of the decreased delay, however, is different between the 
data and the model. Fig.  16 C plots the delay to half maximal current, normalized to 
the delay at -  125 mV, as a function of holding voltage from several different patches 
and  from  the  model  in  Fig.  7  (solid  line).  Clearly  the  data  begins  to  develop  a 
decrease  in  the  delay at much  more hyperpolarized voltages than  the  model. This 
suggests that, at these hyperpolarized voltages, the channels are distributed in closed 
states much nearer to the open state than the model predicts. This behavior might 
suggest some form of non-independent  gating between  the  subunits  beyond just  a 
slow  first  closing  transition.  In  fact  model  features  that  appear  as  a  form  of 
cooperativity,  such  as a  concerted  final  transition  or a  slow first closing  transition, 
cause the equilibrium distribution of the channels to be even more biased away from 
the  open  state  at hyperpolarized voltages.  For example,  the  cooperative model in 
Scheme  III becomes more like  a  simple two state model between  CI  and  O  as the 
cooperativity factor qb is increased above 1. 
The discussion above suggests that the voltage dependence of the Cole-Moore shift 
might be produced  by a  model like Scheme III where  the cooperativity factor qb is 
decreased below 1, a form of negative cooperativity. A possible physical basis for such 
a  scheme would  be if the  charge movement associated with the voltage-dependent 
conformational  transitions  in  one  suhunit  electrostatically  inhibited  the  charge 
movement in other suhunits. If all of the subunits influenced each other equally, than 
the  equilibrium  constant  for  each  transition  would  be  decreased  by  a  constant 
cooperativity factor for each subunit that has already changed conformation, similar 
to Scheme III for a class A model. Furthermore,  if the interactions do not influence 
the amount of charge movement before and after the transition state, then the kinetic 
rate constants would  be affected in proportion  to the amount of charge movement 
that  they  produce.  Because  the  rates  of the  reverse  transitions,  in  general,  have a 
higher degree of voltage-dependence than  those of forward transitions,  the largest 
effect of this negative cooperativity will be on the reverse transitions. 
For the class D models, involving two voltage-dependent conformation changes per 
subunit,  we might expect  that  this  electrostatic interaction  between  subunits  might 
extend  to  the  conformational  changes  occurring  within  a  single  subunit.  Fig.  17 
shows one way of implementing this type of mechanism into the model of Fig.  7. In 
this model each conformational transition that occurs has been proposed to exert an 
electrostatic effect on all subsequent transitions in proportion to the total amount of 
charge  moved. Therefore  the  first  transition  in  each  subunit  will  slow  the  second 
transition in that subunit as well as the first and second transition of other subunits. 
The  definitions  of  the  variables  in  Fig.  17  are  shown  in  the  appendix.  This 
modification of the model in Fig. 7 introduces one additional free parameter, "q, that 
represents the voltage shift produced per unit gating charge already moved. 
This model, with different values of "q, was fitted to the voltage dependence of the 
steady state P0 and  to  the  macroscopic activation and deactivation time courses  at 
different voltages. Because this model contains many free parameters that could not 
be  determined  independently,  no  attempt was  made  to  optimize  these  fits.  The ZAGOTrA ET AL.  Shaker Potassium  Channel  Gating II1  351 
predictions of the model in Fig.  17 with "q =  2  mV/e- for the voltage dependence of 
the Cole-Moore shift are shown superimposed on the data in Fig.  16 C (dashed line). 
Rates used for this fit are presented in Table II. While not producing a perfect fit, this 
model with an electrostatic interaction equivalent to 2 mV per electronic charge goes 
a long way in explaining  the voltage dependence of the Cole-Moore shift. The value 
of ~  is  quite  small  suggesting  that  these  electrostatic  interactions  may  indeed  be 
significant.  Other  models  for  negative  cooperativity  might  also  account  for  these 
data. 
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FIGURE  17.  An extended class 
D  model based  on  that shown 
in Fig.  72 This model incorpo- 
rates  electrostatic  interaction 
between different subunits and 
the two conformational changes 
occurring within a  single  sub- 
unit. x~,  x~,  x~  and  x~  indicate 
how much the values of 0t, [3, % 
and 8 are affected by the elec- 
trostatic  effects  induced by the 
first  transition  charge  move- 
ments, y., YI~, Yv, and y~ indicate 
how much the values of ~,  13, % 
and 8 are affected by the elec- 
trostatic  effects induced by the 
second transition charge move- 
ments, x's and y's are functions 
of  "q,  which  represent  the 
equivalent  surface  potential 
produced  per  unit  charge  al- 
ready moved (see Appendix). 
DISCUSSION 
In  this  paper  we  have  considered  a  number  of gating  models  to  account  for  the 
steady state and kinetic phenomena discussed  in the previous two papers  (Hoshi et 
al.,  1994;  Zagotta et al.,  1994).  We have shown that virtually all of this steady state 
and kinetic behavior can be produced by a  class D  model where the opening of the 
channel requires two conformational changes in each of four subunits. The gating in 
each  subunit  was  considered  to  be  independent  except  for  a  slow  first  closing 
transition and a  short-lived closed  state Cf that occurs after opening.  From the rate 
constants,  the  free  energy  differences  between  the  various  states  (AG)  can  be 
calculated with the following equation: 
=  (5) 
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This free energy difference indicates  the  relative stability  of the  different channel 
conformations represented by different states. At 0 mV the activated conformation of 
each subunit is 2.9 kcals/mol more stable than the middle resting conformation R2 
and  3.5  kcals/mol more stable  than the left resting conformation RI,  producing a 
high steady state open probability.  Furthermore, to account for the slowing of the 
first closing transition,  there is  an additional increase in  stability of 1.3  kcals/mole 
when the channel enters the open state: this extra stability could arise from a number 
of factors.  (a)  Interactions  between  the  subunits,  such  as  cooperative  interactions 
could  produce  an  added  stability when  all  of the  subunits  are  in  their  activated 
conformation. (b) The open state could be  more  heavily hydrated than  the closed 
states as has been proposed from the effects of solvent on the open probability and 
activation time course of both sodium and potassium channels (Alicata, Rayner, and 
Starkus,  1989, 1990; Rayner, Starkus, Ruben, and Alicata,  1992; Schauf and Bullock, 
1979,  1980,  1982;  Zimmerberg,  Bezanilla,  and  Parsegian,  1990).  (c) The channel 
might close more slowly when ions are in the pore; a mechanism that has been called 
the  occupancy hypothesis  (Ascher,  Marty,  and  Neild,  1978;  Marchais  and  Marty, 
TABLE  II 
Summary of the Rate Com~nts for the Model in Fig.  17 
Rate constant  ko  zk 
k  s -~  e- charges 
ct  I010  0.32 
[3  6.25  2.5 
3'  3400  0.32 
8  8.5  1.1 
0  ~  Cf  600  0 
Cf --* O  3800  0.17 
The variables are defined in the Appendix. The value of 0 is 11.8, and the value of'q is 
2  mV/e-  charge. 
1979;  Matteson and  Swenson,  1986;  Swenson and Armstrong,  1981). This mecha- 
nism  has  been  proposed  to  account  for  the  slowing  of deactivation  in  various 
voltage-dependent potassium  channels  due  to certain external  monovalent cations 
(Cahalan, Chandy, DeCoursey, and Gupta,  1985; Matteson and Swenson,  1986; Sala 
and  Matteson,  1991;  Shapiro  and  DeCoursey,  1991a,  b;  Spruce,  Standen,  and 
Stanfield, 1989; Swenson and Armstrong,  1981), an effect demonstrated for Rb + on 
Shaker channels in Fig.  13 of the previous paper (Zagotta et al.,  1994). 
The  model  exhibits  a  number  of features  of gating  described  in  the  previous 
papers (Hoshi et al.,  1994; Zagotta et al.,  1994), including: (a) a total gating charge, 
equivalent to  13 electronic charges moving through the membrane electric field; (b) 
the requirement for at least five or six transitions before opening from hyperpolar- 
ized voltages (the model requires eight transitions); (c) a similar amount of voltage- 
dependence in all of the forward kinetic transitions  (the equivalent of 0.25  or 0.32 
charges moving before the transition states; (d) considerably more charge movement 
after  the  transition  states  (the  equivalent  of  1.6  or  1.1  charges)  than  before  the 
transition  states;  (e)  a  first  closing  transition  that  is  slower  than  expected  for ZAGOTTA ET AL.  Shaker Potassium Channel Gating III  353 
independent  and  identical  transitions;  (f)  a  short-lived  closed  state  not  in  the 
activation pathway. 
This class  D  model can quantitatively account for a  number of steady state  and 
kinetic  measurements,  including:  (a)  the  voltage-dependence  of the  steady  state 
probability of being open as measured from both the pulse and tail currents; (b) the 
macroscopic activation time course between -50 and  +50 mV and the deactivation 
time course between  -40  and  -120 mV; (c) the dependence of reactivation on the 
duration  of the  hyperpolarizing pulse;  (d)  the  single  channel  first latencies,  open 
times,  and rapid component of the closed times between  -40  and  50 mV and  the 
voltage-dependence of the open times between  -90  and  -50  mV; (e) the voltage- 
dependence of the  steady state charge movement; (f)  the  time course of the ON 
gating currents between -60 and +50 mV (including a small rising phase above -20 
mV) and  of the OFF gating currents at  -100 mV;  (g)  the dependence of the time 
course of the OFF gating currents on the duration and amplitude of the depolarizing 
pulse. 
A  few other properties of the  channel  are  poorly described by the  model in  its 
current form. Many of these shortcomings, however, can be alleviated by introducing 
additional  features  to  the  model.  The  model  adequately  describes  the  general 
behavior of the tail ~urrents and OFF gating current kinetics.  However the predic- 
tions  differ  quantitatively  from  the  time  courses  of  these  measurements.  The 
experimental  tail  currents  exhibit  a  multiexponential  time  course  that  is  not 
predicted by the model of Fig. 7. As discussed previously, this at least in part, comes 
from the Ci state that  is  not included in  the  model. The decay of the OFF gating 
currents slows with longer duration voltage pulses. However, the OFF gating currents 
from the experiments in Figs.  12 and  14 show a  rapidly decaying component with 
long  pulses  to  depolarized  voltage  that  is  not  predicted  by  the  model.  In  our 
experiments,  the  kinetics  of these  OFF  gating  currents were  highly variable with 
different experimental conditions and subtraction protocols. Because of this, we are 
less confident in the model's predictions for the OFF gating currents than we are in 
other predictions of the model. However, the model can readily account for the range 
of OFF gating current kinetics by varying the amount of slowing of the first closing 
transition. 
As shown in Fig.  16,  the model predicts that the effect of holding voltage on the 
time  course  of activation  is  saturated  below  -80  mV,  while  experimentally,  the 
sigmoidal delay continues to increase with holding potentials down to -  100 mV. This 
discrepancy was  largely  alleviated  by  introducing  a  negative  cooperativity in  the 
activation process. The  negative cooperativity was  proposed to arise  from electro- 
static repulsion  of the gating charge from each subunit.  This mechanism will  only 
affect the rate of the voltage-dependent transitions, and therefore will have a greater 
influence on the reverse transitions. The model also predicts a somewhat faster decay 
in the ON gating currents with steps to between -80 and  -60 inV. This problem is 
also largely alleviated by the addition of negative cooperativity (data not shown). A 
small amount of negative cooperativity causes a  slight decrease in the  slope of the 
steady state P0 vs voltage relation at high Po and therefore requires somewhat more 
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cooperativity introduces  an additional  free parameter and is probably not the only 
way of reproducing the effects described here, it was not developed further. 
The model shown in Fig.  7  also does not exhibit the intermediate component in 
the distribution of closed durations at depolarized voltages that was described in the 
first paper (Hoshi et al.,  1994). As indicated in the first paper, the closed state(s) that 
contribute  to  these  intermediate  closed  durations,  designated  Ci,  cannot  always be 
traversed in the process of opening, and therefore we consider them not to be part of 
the normal activation process. Transitions  to the Ci state may occur from the open 
state and/or  the Cf state and may also occur as a  branch from one or more of the 
closed states in the activation pathway. Note that if the Ci state can only be entered 
from the  open or  Cf states,  it will  appear as  a  nonabsorbing  inactivated  state  and 
cause  a  small  (~ 10%)  decline  in  the  peak current.  Because  of the  relatively  slow 
kinetics associated with the Ci state and of uncertainty  in its coupling to the other 
states, it has not been explicitly included in the model of Fig.  7. 
N-type inactivation  has  been proposed  to  occur by a  ball  and  chain  mechanism 
whereby the amino terminal domain blocks the channel (Hoshi et al.,  1990;  Zagotta 
et al.,  1990).  Since  this  model was  formulated for ShBA6-46  channels,  it  does  not 
contain an N-type inactivated state. We have shown previously that N-type inactiva- 
tion, when present, is coupled to the activation process (Zagotta and Aldrich,  1990b; 
Zagotta,  Hoshi,  and  Aldrich,  1989).  Furthermore,  the  increase  in  open  durations 
when N-type inactivation is disrupted  indicates  that the channel can directly inacti- 
vate from the open state (Hoshi et al.,  1990).  However the coupling is not complete 
and the channel can occasionally undergo inactivation before opening as indicated by 
the  occurrence  of  relatively  long  voltage  pulses  without  openings  (Zagotta  and 
Mdrich,  1990b). This suggests that the N-type inactivated state can be entered from 
both  the  open  state  and  some of the  closed  states in  the  activation pathway.  One 
possible  scenario  is  if N-type  inactivation  can  only  occur  if all  four  subunits  have 
undergone  the first conformational transition,  producing  a  transition  to an N-type 
inactivated  state from each of the  closed  states on  the  right  side  of the  expanded 
model in Fig. 7. 
While  the  N-type  inactivation  process  in  these  channels  has  been  effectively 
removed by the deletion of amino acids 6-46, these channels are still able to under a 
second  type of inactivation process referred  to as C-type inactivation  (Hoshi et al., 
1991).  Like N-type inactivation,  C-type  inactivation  occurs with  a  rate  that  is  not 
appreciably voltage dependent at depolarized voltages and is therefore thought to be 
coupled  to  activation.  However,  C-type inactivation  is  quite  slow compared  to  the 
time  scale  of  the  experiments  presented  here  and  was  therefore  not  explicitly 
included in the model of Fig. 7. 
As  in  all  kinetic  analyses,  our ability  to  identify  discrete  states  is  limited  by the 
bandwidth  of our recordings.  States with very rapid kinetics would not be detected. 
For example, a final open-closed transition that is very fast would appear, at limited 
bandwidth,  as simply a  reduction  in  the  single-channel  current.  In some cases,  the 
apparent rate constant for a  transition will  be influenced  by these rapid  states.  For 
example,  if the  channel  cannot close with  an  ion  in  the  pore,  as proposed in  the 
occupancy hypothesis, then the apparent rate constant for the closing transition will 
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channel  is  not  occupied.  The  occupied  and  unoccupied  open  states  will  appear 
kinetically as one state because the rate of ions entering and leaving the pore is very 
rapid.  Therefore,  the  slow  apparent  closing  transition  may  not  be  due  to  an 
intrinsically slow conformational change but, instead due to a state with rapid kinetics 
that cannot close. 
In this paper we have also considered a number of other kinetic models to describe 
the voltage-dependent activation process. We have restricted our analysis to models 
that involve four identical, though not necessarily independent, processes so that the 
models  could  be  interpreted  in  terms  of conformational  changes  in  individual 
subunits  and  concerted  conformational  changes.  We  have  also  assumed  that  the 
voltage-dependent rate  constants  are  exponentially dependent  on voltages  as  ex- 
pected  for  a  simple  movement  of  charge  or  reorientation  of  a  dipole  in  the 
membrane electric field. While other more complex forms of voltage-dependencies 
are  possible  (Stevens,  1978),  these  would  introduce  additional  free  parameters 
causing  the  models  to be  poorly constrained.  Given these  constraints,  three  com- 
monly considered classes of models were found not to describe the data adequately: 
(a) class A models, with and without cooperativity, involving only one conformational 
change  in  each  of four  subunits  before  opening;  (b)  class  B  models,  involving  a 
conformational  change  in  each  subunit  followed  by  a  concerted  conformational 
change; (c) and class C models, involving a concerted conformational change that is 
promoted by a conformafional change in each subunit. Class D and E models, which 
can reproduce virtually all of our results, require two conformational changes in each 
subunit and differ only in whether the two transitions are absolutely coupled (class D) 
or partially coupled (class  E). 
Many  models  similar  to  those  shown  in  Fig.  1  have  been  considered  by  other 
investigators  to  describe  the  activation  of voltage-dependent  potassium  channels 
from different sources. However, none of these previous models can account for all of 
the observations reported for the Shaker channel in the previous paper (Zagotta et al., 
1994), especially those involving the sigmoidal delay and its voltage dependence. The 
model of Hodgkin and  Huxley (1952)  for the  squid voltage-dependent potassium 
channel  is  a  class  A  model  with  four  independent  and  identical  transitions.  As 
discussed in detail in the previous paper (Zagotta et al.,  1994), the gating behavior 
departs in many ways from the predictions of independent and identical transitions. 
In addition, four transitions cannot account for the observed sigmoidal delay, even if 
the  independence constraint is  relaxed. The model of Cole and  Moore (Cole and 
Moore,  1960), while producing plenty of sigmoidal delay, is still based on indepen- 
dent  and  identical  gating  particles  and  is  not  easily  interpreted  in  terms  of the 
conformational changes in four subunits. The slow transitions in the models of Gilly 
and Armstrong (1982) and White and  Bezanilla (1985) would reduce the sigmoidal 
delay of these schemes with six transitions to below that seen in the Shaker channel. 
Zagotta and Aldrich (1990b) proposed a class B model for Shaker channels with four 
independent  and  identical  transitions  followed  by  a  final,  voltage-independent 
concerted  transition.  Once  again,  this  model  would  not  produce  nearly  enough 
sigmoidal delay, particularly at depolarized voltages where the voltage-independent 
transition would be rate limiting. In addition the deactivation time course would be 
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model for the  RCK1  channels  but with  a  considerably faster voltage-independent 
transition that would not become rate limiting for activation or deactivation in the 
voltage-range  tested.  However,  a  fast  final  opening  transition  will  be  kinetically 
transparent  at  depolarized  voltages  and  would  not  be  adequate  to  produce  the 
sigmoidal delay seen in Shaker channels. The addition of cooperativity to this scheme, 
as proposed by Tytgat and Hess (1992), will reduce the delay even further. A class C 
model,  with  a  voltage-independent concerted opening  transition  that  is  not  abso- 
lutely  coupled  to  the  voltage-dependent  transitions,  was  proposed  for  voltage- 
dependent calcium channels and recently extended to potassium channels  (Greene 
and Jones,  1993; Marks and Jones,  1992). Unlike the model of Zagotta and Aldrich 
(1990b), this model will produce a voltage-dependent deactivation rate as observed. 
However, at depolarized voltages it will still exhibit a sigmoidal delay that is too small 
and  decreases  with  increasing  depolarization.  A  class  D  model  was  proposed  to 
account for the effect of holding potential on the activation time course of crayfish 
potassium channels (Young and Moore, 1981), but was not developed quantitatively. 
In addition  Keynes has proposed a  class  D  model for the activation gating of the 
squid sodium channel (Keynes, 1991; Keynes, Greeff, and Forster,  1990). 
The  values  of  the  parameters  in  the  model  of  Fig.  7  are  expected  to  vary 
considerably among different types of voltage-dependent potassium channels. Small 
quantitative differences in the energies for the states and transition states can cause 
quite  large  differences in  the  rates  of the  transitions  and  the  macroscopic kinetic 
behavior.  In  addition,  the  form  of  the  model  may  not  be  applicable  to  some 
potassium  channels.  The  assumption  of four identical  processes occurring  during 
activation  may  not  be  valid  for  some  other  channel  types.  While  the  voltage- 
dependent sodium and calcium channels contain four homologous domains,  small 
differences  in  sequence  may  cause  these  domains  to  have  very  different  gating 
behavior.  This  is  exemplified  in  voltage-dependent  calcium  channels  (Tanabe, 
Adams, Numa, and Beam,  1991) where a kinetic study of chimeric channels between 
skeletal muscle and cardiac calcium channels has indicated that the activation time 
course is dominated by the gating in the first domain. 
Most ligand-gated channels are heteromultimeric and contain binding domains in 
only some of their subunits. For example the acetylcholine-activated channel contains 
only two Ach binding sites. The gating of this channel has frequently been modeled 
as a two binding reactions followed by a concerted conformational change, similar to 
a  class  B  model with  only two  activatable  subunits  (Sine,  Claudio,  and  Sigworth, 
1990). Interestingly, it has recently been shown that a model requiring Ach binding 
and  a  subsequent  conformation  change  in  each  of two  subunits  before  opening 
produced a  significantly better fit to the single-channel data (Auerbach,  1993). This 
model is similar to the class D  models considered here where the first transition in 
each subunit is simply the binding of ligand. Furthermore a significantly better fit was 
produced  if the  first closing transition was  slower than  expected for independent 
subunits, as occurs in the model of Fig. 7. 
The model in  Fig.  7  can account for some of the observed alterations in  gating 
better than a  model based on the  Hodgkin and  Huxley (1952) formulation. Many 
mutations have been found in the $4 segment, the $4-$5 linker, and the $5 segment 
that  profoundly  alter  the  voltage-dependent  activation  process  (Gautam  and ZAGOTFA ET AL.  Shaker Potassium Channel Gating III  357 
Tanouye,  1990;  Lichtinghagen,  Stocker,  Wittka,  Boheim,  Stuhmer,  Ferrus,  and 
Pongs,  1990; Liman et al.,  1991; Lopez, Jan, and Jan,  1991 ; McCormack, Tanouye, 
Iverson,  Lin,  Ramaswami,  McCormack,  Campanelli,  Mathew,  and  Rudy,  1991; 
Papazian, Timpe, Jan, and J an,  1991; Schoppa et al.,  1992; Stuhmer, Conti, Suzuki, 
Wang,  Noda,  Yahagi,  Kubo,  and  Numa,  1989;  Zagotta  and  Aldrich,  1990a).  In 
several  cases  an  apparent  decrease  in  the  slope  of the  steady  state  P0  vs voltage 
relation occurred with mutations that preserved the charge on the mutated residue or 
altered  uncharged  residues  (Gautam  and  Tanouye,  1990;  Lopez  et  al.,  1991; 
McCormack et al.,  1991;  Papazian et al.,  1991;  Schoppa et al.,  1992;  Zagotta and 
Aldrich,  1990a). In other cases the apparent decrease in slope due to a mutation was 
larger than  expected even if the  mutated  residue  moved though  the  entire mem- 
brane electric field (Liman et al.,  1991). These results are hard to reconcile with a 
model  containing a  single  voltage-dependent conformational change  per  subunit. 
However a  model  containing  multiple  types  of voltage-dependent  transitions  can 
account for these results with a  differential effect of the  mutation on the different 
transitions. A second type of voltage-dependent transition was suggested by Schoppa 
et al.  (1992) to account for the apparent decrease in slope of the steady state P0 vs 
voltage relation due to a mutation of a leucine residue in the $4 segment. They also 
showed  that  the  mutation  separated  the  gating  current  into  two  components 
consistent with two types of voltage-dependent conformational changes that occur in 
different voltage ranges in the mutant channels. The additional voltage-dependent 
transitions could arise from either multiple conformational changes per subunit or 
from multiple concerted conformational changes. 
The slow first closing transition in the model of Fig. 7 might also account for some 
of the observed alterations in gating. For channels that have reached the open state, 
the  OFF  gating  currents  have  ranged  from very slow,  low  amplitude  currents  to 
transient,  moderate  amplitude  currents  with  a  clearly  discernible  rising  phase 
(Bezanilla, Perozo, Papazian, and Stefani, 1991; Schoppa et al.,  1992; Stuhmer et al., 
1991). This range of behavior can be reproduced by varying only the rate of the first 
closing transition. 
The  interactions  between  subunits  have  been  explored by  examining  some  $4 
mutations  in  heteromuhimeric channels,  containing the  mutation  in  only some  of 
their  subunits  (Hurst,  Kavanaugh,  Yakel,  Adelman,  and  North,  1992;  Tytgat and 
Hess,  1992). The steady state voltage dependence of the activation process in these 
heteromultimers was  not  as  expected for independent  subunits,  but,  instead,  was 
consistent with  cooperative interactions between  subunits.  Tytgat and  Hess  (1992) 
modeled these cooperative interactions as a constant energy of stabilization for the 
activation  conformation  of  a  subunit  when  a  neighboring  subunit  is  activated. 
However a model with a slow first closing transition can quantitatively account for the 
voltage-dependence  of  activation  in  heteromultimers  with  no  other  cooperative 
interactions.  In  addition,  the rising phase  of the  ON  gating  currents is  frequently 
taken as evidence for cooperative interactions between the subunits during activation. 
However, the model in Fig. 7 would produce a rising phase even if the subunits were 
completely independent.  In fact the addition of cooperativity generally produces a 
poor fit to the voltage-dependence of the Cole-Moore shift. For this reason we have 358  THE  JOURNAL  OF  GENERAL  PHYSIOLOGY  •  VOLUME  103  •  1994 
introduced  a  negative  cooperativity  in  the  model  of Fig.  17  to  account  for  these 
Cole-Moore data (as shown in Fig.  16). 
APPENDIX 
The models in Fig.  7 and  16 both consider that the opening of the channel requires 
two voltage-dependent  conformational changes  in  each  of four  identical  subunits. 
The transitions in each subunit can be summarized by the following scheme: 
RI  ~  R2 ~-A~ 
SCHEME IX 
The rate constants were assumed to be exponentially dependent on voltage, and are 
given by the following expression: 
ot =  ao ez"Fv/nr  (A1) 
13 =  13o e-Z~ w tcT  (A2) 
~t =  ~o ez'~FV/RT  (A3) 
=  ~o e-~FvmT  (A4) 
where a0,  130, ~/0, and ~0 are the values of the rate constants at 0 mV; zc,  zl3, zv,  and z~ 
are the equivalent charge movements up to the transition state for each transition; F 
is  Faraday's  constant,  R  is  the  universal  gas  constant;  and  T  is  the  absolute 
temperature. The total charge moved for the first transition in each subunit is given 
by the following expression: 
z x  =  z~  +  zf3  (A5) 
and the total charge moved for the second transition in each subunit is given by the 
following expression: 
Zy =  z.~  +  z~.  (A6) 
Because  all  of the  subunits  are  considered  to  be  identical,  the  charge  movement 
associated with the transitions in different subunits is assumed to be unaltered by the 
nonindependent gating and cooperative interactions discussed below. 
For the  model in  Fig.  7,  the  gating of the  different  subunits  is considered  to be 
independent  except for the  Cf state  and  a  slower first closing  transition.  The  first 
closing transition is slowed by the factor 0. This produces a model that contains nine 
free parameters for the transitions before first opening: or0, 130, ~/0, ~0, z~, z13, z~, z~, and 
0.  In  addition,  the  model  contains  three  free  parameters  for the  transitions  after 
opening, the O --* Cf rate, the Cf ~  O rate, and the voltage dependence of the Cf --~ 
O rate (the O --~ Cf rate was considered to be voltage-independent). 
For  the  model  in  Fig.  17,  interactions  between  subunits  have  been  assumed  to 
occur by an electrostatic mechanism.  In this model each voltage-dependent confor- 
mational  transition  that  occurs  exerts  an  electrostatic  effect  on  all  subsequent 
voltage-dependent transitions. This electrostatic mechanism has been introduced by ZAGOTrA ET AL.  Shaker Potassium Channel Gating 111  359 
assuming a  constant voltage offset per unit of gating charge moved ('q)  as would be 
expected  if  the  gating  charge  behaved  like  surface  charge  for  all  subsequent 
transitions. The effect of these electrostatic interactions will be to decrease the rate of 
forward  transitions and  to  increase  the  rate  of reverse  transitions as  the  channel 
approaches the open state,  a  form of negative cooperativity. However, because the 
reverse  transitions  are  considerably  more  voltage  dependent  than  the  forward 
transitions, they will be disproportionally affected. The factor by which each rate is 
affected  is  shown  in  Fig.  17,  where  the  x's  and y's  are  given  by  the  following 
expressions: 
x~ =  e -~x~e/nr  (A7) 
xo =  g~xnr/nr  (A8) 
x v =  e -~vzx~e/nT  (A9) 
x s  =  e z~zx~r/RT  (AIO) 
y~ =  e -zaz~'qF/RT  (A11) 
y~ =  e~Zy ~e/RT  (A12) 
Yv =  e-Z~Y~e/nr  (A13) 
y~ =  e zSz~'qF/RT  (A14) 
The rate constants ct, [~, ",/, and ~ are defined as the transition rates in each subunit 
when  the  other  three  subunits are  in  the  R1  state.  This  mechanism for  subunit 
interactions introduces one additional free parameter (~1) to the modeling. 
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